This paper purports to review catalysis, particularly the organocatalysis and its origin, key trends, challenges, examples, scope, and importance. The definition of organocatalyst corresponds to a low molecular weight organic molecule which in stoichiometric amounts catalyzes a chemical reaction. In this review, the use of the term heterogenized organocatalyst will be exclusively confined to a catalytic system containing an organic molecule immobilized onto some sort of support material and is responsible for accelerating a chemical reaction. Firstly, a brief description of the field is provided putting it in a green and sustainable perspective of chemistry. Next, research findings on the use of organocatalysts on various inorganic supports including nano(porous)materials, nanoparticles, silica, and zeolite/zeolitic materials are scrutinized in brief. Then future scope, research directions, and academic and industrial applications will be outlined. A succinct account will summarize some of the research and developments in the field. This review tries to bring many outstanding researches together and shows the vitality of the organocatalysis through several aspects.
Introduction
In 1987, the United Nations Commission on Environment and Development (Brundtland Commission) [1] defined "sustainable development" as the development that meets the needs of the present without compromising the ability of future generations to meet their own needs. Two of the key aspects of sustainable development from an energy and chemical perspective are to develop more renewable forms of energy and to reduce pollution. Chemistry during the twentieth century changed the living standard of human beings. Among the greatest achievements of chemistry are petrochemical and pharmaceutical industries. But these industries are often blamed for polluting environment. The challenge for the present-day chemical industry is to continue providing applications and socioeconomic benefits in an environmentally friendly manner.
Over the last few decades, green chemistry has been recognized as a culture and methodology for achieving sustainable development [2] . Green chemistry is chemistry able to promote innovative technologies that reduce or eliminate the use or generation of hazardous substances. Anastas and Warner defined the 12 principles of green chemistry (Figure 1 ) [3] . Catalysis (including enzyme catalysis, heterogeneous catalysis, and organocatalysis, in particular) is identified to be at the heart of greening of chemistry [4] because this branch of science is found to reduce the environmental impact of chemical processes [5] . 
Catalysis: A Multidisciplinary Area of Chemistry
Catalyst is one of the few conceptual words that have carried over broadly outside scientific language. Catalysis is a significant multidisciplinary area of chemistry. The term "catalysis" was first introduced in 1836 by Berzelius who tried to explain special powers of some chemical substances capable of influencing various decomposition and chemical transformations. According to Ostwald [6] , "a catalyst accelerates a chemical reaction without affecting the position of the equilibrium." A catalyst works by interacting with reactants, generating intermediates that react to give products. It affects the rate of approach to equilibrium of a reaction but not the position of the equilibrium (Figure 2 ). Most of the times, it also provides subtle control of chemical conversions, increasing the rate of a desired reaction pathway but not the rates of undesired side reactions (i.e., the selectivity of a chemical process).
Catalysts are usually classified according to structure, composition, area of application, or state of aggregation. According to the state of aggregation in which the catalysts act, there are two main groups: homogeneous catalysts and heterogeneous catalysts. Homogeneous catalysts are welldefined chemical compounds or coordination complexes, which, together with the reactants, are molecularly dispersed in the reaction medium and carry out processes in a uniform gas or liquid phase. Heterogeneous catalysis takes place between different phases. Generally the catalyst is in solid state, and the reactants are gases or liquids. The immobilized catalysts obtained by attaching homogeneous catalysts to solid are in between. In supported catalysts the catalytically active substance is applied to a support material that has a large surface area and is usually porous. Arguments for and against shall always be made while discussing the merits and limitations of individual groups of catalysts for their respective applications in industries.
Application of Catalysis
Catalysis has played a pivotal role in the success of the chemistry industry in the twentieth century. More than 90% of chemical manufacturing processes in the world utilize catalysts [7, 8] . Historically, the first industrially applied catalytic process was for the hydrogenation of oils and fats to produce margarine using finely divided nickel as catalyst. Thus, heterogeneous catalysis was applied first industrially. The issue of metal leaching and the avoidance of trace catalyst residues are very important from environmental health point of view. All the basic raw materials or building blocks for chemicals are manufactured by very important set of heterogeneous catalytic reactions (Table 1 ) [8] . Although catalysts are not consumed by the reaction itself, they may be inhibited, deactivated, or destroyed by secondary processes. The solid-state catalytic materials are the most important type of catalysts.
Implementation of "clean" and "green" chemical technology in industries may help address the problem of environmental degradation besides producing useful chemicals [9] [10] [11] [12] . Some catalysts also present important technology in the prevention of emissions, for example, catalytic converter for automobiles. Keeping in mind the fragile ecosystem and the importance of preserving the environment, the heterogeneous catalysts are tested in the pollution abatement [13, 14] and to remove aqueous organic wastes, volatile organic compound, and vehicular primary emissions such as CO, unburned hydrocarbon, NOx, and soot.
Heterogeneous catalysis which takes place between different phases has now grown into an important branch of science [8] [9] [10] [11] [12] 15] . Exciting new opportunities are emerging in this field based on nanotechnology approaches. Hence, research efforts are being directed to develop chemistry of nanomaterials and their applications in catalysis for developing cost-effective, selective, energy sufficient, ecofriendly, and environmentally benign synthetic processes for industries. Though this involves a great scientific, economic, and technological challenge, it is essential to a sustainable and healthy way of life.
The petroleum and fine chemical and pharmaceutical industries mostly rely on catalysts to produce everything from natural gas/fuels to various commodities [15, 16] . There are a variety of new challenges in creating alternative fuels, reducing harmful by-products in manufacturing, cleaning up the environment and preventing future pollution, dealing with the causes of global warming, and creating safe chemicals and pharmaceuticals. Thus, catalysts are needed to meet these challenges of health, safety, and environmental, energy-related, and economic issues, but their complexity and diversity demand an insight on the way catalysts are studied, designed, and used. This could come into reality only through the application of an interdisciplinary approach involving new methods for synthesizing and characterizing molecular and material systems. Research in heterogeneous catalysis demands the cooperation of scientists from analytical chemistry, solid-state chemistry, (nano)materials chemistry, physical chemistry, surface science, computational and theoretical chemistry, reaction kinetics and mechanisms, reaction engineering, and so forth. Opportunities to understand and predict how catalysts work at the atomic scale are now appearing, made possible by breakthroughs in the last decade in computation, measurement techniques, characterization, spectroscopy, and imaging and especially by new developments in surface-reactivity studies, model catalyst design, and evaluation [16, 17] . Surface science and spectroscopy has its prominent role in analysing surface reaction chemistry on the catalyst [18, 19] .
Fermentation of sugar to ethanol and the conversion of ethanol to acetic acid catalyzed by enzymes were an example of catalysis in antiquity. Off late, enzymatic catalysis is considered as a separate branch of (biological) catalysis. It is the most recent branch widely included in many commercial applications [20, 21] . Enzymes are also highly active under mild conditions such as temperature, pressure, and pH, which make them easier to work with on a small scale, but are also more appealing on an industrial scale on a cost and efficiency basis. Another benefit is that reactions are preferentially carried out in aqueous media therefore providing a "greener" route. Not to forget, the development of water based organic transformations is also an area of rapidly growing importance in chemistry [22, 23] .
The homogeneous catalysis prior to the recognition of the effects of heterogeneous catalysts started with the action of nitrous oxides in the lead chamber process. Although the fundamental processes for refining petroleum and its conversion to basic building blocks are based on heterogeneous catalysts, many important value-added products are manufactured by homogeneous catalytic processes (Table 2 ) [12] . Homogeneous catalysts have been well researched, since their catalytic centers can be relatively easily defined and understood, but difficulties in separation and catalyst regeneration prevent their wider use [12, [24] [25] [26] [27] [28] . The most widely used homogeneous catalysts are simple acids or bases which catalyze well-known reactions such as ester and amide hydrolysis or esterification. The market share of homogeneous catalysts is estimated to be only ca. 10-15%. Many of the benefits of homogeneous catalysts, especially high selectivity, arise from tailored made catalysts involving transition metals (or lanthanides) and appropriate ligands. Such catalysts are inexpensive enough that they can be Energy-consuming process Well understood mechanism Poor mechanistic understanding neutralized, easily separated from organic materials, and disposed of. This contributes to the huge quantity of aqueous salt waste generated by industry. Organometallic catalysts are currently widely used in industry, but the search for improved efficiencies, enantioselectivities, or recycling is still a matter of intense researches [29] [30] [31] [32] [33] . It is true that homogeneously catalyzed processes such as hydroformylation, carbonylation, oxidation, hydrogenation, metathesis, and hydrocyanation contribute with millions of tons to the bulk chemicals, but on the other hand the progress of homogeneous catalysis is also going on with fine chemicals [25, 33] . In spirit of that, the beginning of this century saw the renaissance of organocatalysis presenting an environmental advantage over metal based catalysts for stereoselective or asymmetric synthetic methodologies. The absence of metal in organocatalyst brings an undeniable advantage considering the principles of "green chemistry" and the economic point of view (Tables 3  and 4 ). Understanding catalytic systems involve study of structure, state, and composition of catalysts and the phase in which they perform. And, for this, one needs to understand chemistry of molecules and materials useful as catalysts and or catalyst carriers.
Materials for Catalysis
The diversity of research field connected to the chemistry of materials is significant for their applications in many areas including adsorption, catalysis, electrochemistry, and surface science. Nanoparticles [34] , metal oxide, and mixed metal oxides [35] [36] [37] [38] prepared by simple methods are useful catalysts. Research involving metal-organic frameworks [39, 40] , mesoporous silica [41] [42] [43] , microporous or open-framework inorganic [44] [45] [46] , and/or mesopore modified [47] materials has steadily increased following the widespread utility of aluminosilicate zeolites [48] [49] [50] [51] , titanosilicates [52, 53] , and aluminium phosphates [54, 55] . In industries, research endeavours are mainly devoted towards the study and development of zeolites or zeolitic materials with several attractive features such as catalytic active site(s), large surface area, zeolitic pore walls, and pore size control. The synthesis and characterization of the crystalline aluminosilicate materials with tunable meso-/microporosity and their strong acidity have potentially important technological implications for shapeselective catalytic reactions, ion exchange, and adsorption of organic compounds [56] [57] [58] . The pore diameters can be finely chosen, tuned, and utilized for exhibiting shape-selective catalysis depending on the molecular shape/size of organic reactant and product. The widespread interest has been developed in the zeolitic science towards the development and discovery of zeolites with desired characteristics since conventional zeolites lack fine tuning of their properties to acid/base and redox or bifunctional or multifunctional properties. Organic functionalization adds new catalytic functions to zeolites [59] .
Zeolites are microporous crystalline aluminosilicates with unique properties used for many processes. Zeolites possess acid sites that are associated with the tetrahedral aluminium atoms in their framework, and therefore, the amount of acidity depends on the aluminium content of the zeolite. Zeolite acid catalysts have wide application in industrial processes. The introduction of Y-zeolites to replace amorphous silica-alumina in fluidized catalytic cracking (FCC) and in hydrocracking processes in the early 1960's was a breakthrough application in acid catalysis. With the ever increasing research efforts in this area leading to discoveries of new structures and modification schemes by academic and industrial laboratories, the potential of solid acids has evolved tremendously. However, with the exception of the ZSM-5, Mordenite, and to some extent Beta zeolite, very few of these structures have been applied in industrial processes to any significant extent. Yet one can account for relatively few applications to the huge number of new materials introduced. Notable examples are the reported uses of SAPOs in lube dewaxing and in natural gas to olefin technologies and MCM-22 in aromatics alkylation. The zeolite structures with large-pore/bimodal porosity and tunable acidity can be a remarkable benefit for catalytic processes in industries. Within industrial catalysis, there are constant innovation and changing approaches to provision of selective, economically viable, and environmentally benign processes.
Recently, enormous growth in the chemical diversity of inorganic materials with transition-metal incorporation in new compositional domains has also been explored due to their potential application in adsorption and catalysis. Inorganic polymers, transition metal phosphates, and metalorganic frameworks [39, 40] with novel catalytic, electronic, magnetic, and unique structural properties are particularly promising candidates [60] [61] [62] [63] [64] . The mesoporous structure with strong acidity can be a remarkable benefit for catalytic reactions involving large organic molecules, in which diffusion constraints and/or adsorption of reactant molecules onto the strong acid sites are the main concern. A lot has been reported about the pathways to develop mesostructured silica [65] . In terms of surface functionalization, the performance of mesoporous silica has been polished by several methods such as metal incorporation [66] , metal deposition [67] , grafting by organic functional groups [68] , and immobilizing metal complex [69] . New approaches to synthesis and characterization of bimodal, that is, micro-mesoporous and or meso-macroporous materials might assist us in understanding the phenomena of diffusion, confinement effects, selectivity, and so forth [47] .
Organocatalysis: A Novel Synthetic Philosophy
The term "organocatalyst" is a concatenation of the words "organic" and "catalyst. " The definition corresponds to a low molecular weight organic molecule which in substoichiometric amounts catalyzes a chemical reaction. The organocatalyst could be achiral or chiral and could be composed of C, H, N, S, and P. Organocatalysis has several advantages not only because of its synthetic range but also for the economic reasons. The absence of metal in organocatalyst brings an undeniable advantage considering both the principles of "green chemistry" and the economic point of view ( Figure 3 ). Nowadays organocatalysis is one of the hot research topics in advanced organic chemistry. It is a novel synthetic philosophy and mostly an alternative to the prevalent transition metal catalysis. Organocatalysts are often based on nontoxic organic compounds originating from biological materials. Organocatalysts can be Lewis bases, Lewis acids, Brønsted bases, and Brønsted acids. Most of the organocatalysis reported so far are explained by Lewis base mechanism. The Lewis base mechanism can be simplified as follows.
Step I: Lewis base, for example, cinchona alkaloid, initiates catalysis via a nucleophilic addition to, or deprotonation of, the substrate.
Step II: the chiral intermediate undergoes reaction.
Step III: separation of product(s) from the catalyst occurs.
Step IV: regeneration of the catalyst and its availability for a new catalytic cycle occurs.
There are many organocatalytic reactions that need a second mechanism to explain the catalytic cycle involved. This is called bifunctional organocatalysis in which the organocatalyst possesses not only a Lewis base (nitrogen or phosphorus atom) but also a Brønsted acidic site. There is a lot to be done in redox catalysis and in exploitation of the synergetic effect of different catalytic active sites within one organic compound or material. Some advantages of organocatalysts include the following.
(i) Reactions performed by organocatalysts have potential application in large scale production in industries.
(ii) Scope: organic reactions occur which are not in practice and not possible by other forms of catalysts, for example, asymmetric synthetic processes.
(iii) Price/Availability: Low cost; alkaloids, natural amino acids, L-proline, tartaric acid, and so forth are easily available and are economically attractive.
(iv) Recycling issues: immobilization of the catalyst is the simplest way to recover it.
(v) Some of the examples include bioderived and biodegradable organocatalysts.
(vi) Organocatalysts work at mild reaction conditions.
(vii) Sometimes the final products of reactions contain high levels of metal contamination derived from catalyst degradation phenomena, which pose a serious drawback if the metal is toxic for pharmaceutical and food industries. Absence of transition-metal brings organocatalysis at the heart of greening chemistry.
Organocatalysis can be categorized into our different types as follows.
Type-I: activation of the reaction based on the nucleophilic/electrophilic properties of the catalyst is done (Scheme 1).
Type-II: organic molecules form reactive intermediates. The chiral catalyst is consumed in the reaction and requires regeneration in parallel catalytic cycle as it is reported in Scheme 2.
Type-III: phase transfer reactions occur. The chiral catalyst forms a host-guest complex with the substrate and shuttles between the standard organic solvent and a second phase. [70] .
Scheme 2: Shu and Shi [71] .
Catalytic enantioselective enolate alkylation (Scheme 3) occurs
Type-IV: molecular-cavity-accelerated asymmetric transformations occur in which the catalyst may select from competing substrates, depending on size and structure criteria (Scheme 4).
Discovery and the History of Organocatalysis
Liebig's synthesis of oxamide from dicyan and water is the first organocatalytic reaction reported [74] . Acetaldehyde was further identified to behave as the then-named "ferment, " now called as enzyme. Dakin in 1909 demonstrated that in a Knoevenagel type condensation between aldehydes and carboxylic acids or esters with active methylene groups, the amine catalysts could be mediated by amino acids [75] . Langenbeck is remembered for developing enamine type reactions and the application of simple amino acids and small oligopeptides as catalysts [76] [77] [78] . Natural products, in particular, strychnine, brucine, and cinchona alkaloids and amino acids (including short oligopeptides), were among the first organic catalysts tested [79, 80] . Though the field of small-molecule catalysts seems very simple, there are evidences that prove their pivotal role in synthesis of building blocks for life. L-Alanine and L-isovaline capable of catalyzing certain C-C bond formation reactions had been found on meteorites [81] . An asymmetric transformation with an organic molecule was published in 1912 by Bredig and Fiske [82] . Pracejus applied cinchona alkaloids in the asymmetric conversion of ketenes to (S)-methyl hydratropate [83, 84] All these research endeavours were not carefully looked into till List et al. reported in 2000 proline catalyzed aldol reaction in good enantiomeric excesses [93, 94] . Asymmetric catalysis constitutes one of the most important subjects in synthetic organic chemistry. Asymmetric synthesis achieving atom economy is a challenge for organic synthesis and homogeneous catalysis using metal complexes leads the way. But the application of such methodologies in chemical industry is rather limited due to the high cost of chiral ligands and noble metals used in such transformations. Moreover, the pharmaceutical entities and food industry products do not tolerate a contamination, of even traces, of any such metals for that matter. Synthesis of chiral drugs has a major financial impact in pharmaceutical industries on a global scale. Different enantiomers or diastereomers of a molecule often have different biological activity. Most of the drugs might be soon sold as single enantiomers in the coming years. There is a huge demand for organocatalysts leading to 100% yield, 100% ee, of the desired product. The need from chemical industry, especially pharmaceutical, for reliable asymmetric transformations of molecular skeletons is higher than ever. Therefore, asymmetric organocatalysis is in a process of attaining maturity into a very powerful, practical, and broadly applicable methodological approach in the catalytic asymmetric synthesis.
Some Examples and Developments in Catalyst Structural Variants
Following are the famous examples of organocatalysts.
Proline and Derivatives.
The proline catalyzed Robinson annulation was one of the earliest examples of an enantioselective reaction using an organic catalyst [85] . This amino acid contains both a nucleophilic secondary amino group and a carboxylic acid moiety functioning as a Brønsted acid. The availability of proline in both enantiomeric forms brings advantages over enzymatic methods. Arguably, the first example of proline catalyzed asymmetric aldol reaction is reported by Hajos and Parrish [70, 86, 87] . The Wieland-Miescher ketone is a useful synthetic building block for which a classical asymmetric procedure using (S)-proline was published forty years ago [88] . It is quite significant that the first efficient organocatalyzed asymmetric reactions were described by Hajos & Parrish [86, 87] and by Eder et al. [88] , both teams from pharmaceutical companies (Hoffmannla-Roche and Schering). The asymmetric synthesis of the Wieland-Miescher ketone is also based on proline and another early application was one of the transformations in the total synthesis of erythromycin by Woodward et al. [95] . Proline is recognized as a versatile organocatalyst of these times (Scheme 5).
In fact, the renewal of proline catalyzed transformations in early 2000 by D. W. C. MacMillan, Carlos F. Barbas III, and Benjamin List saw the renaissance of the concept and it was the starting point of the word "organocatalysis. " Professor Ahrendt group reported the first enantioselective organocatalytic Diels-Alder reaction [96] . Proline was identified as an effective organocatalyst for asymmetric aldol reaction [97] . The catalytic asymmetric -alkylation of aldehydes was reported by Vignola and List [98] . This transformation had been accomplished with the help of covalently attached auxiliaries. -Methyl L-proline exhibits higher enantioselectivities and improved reaction rates when compared to Lproline. In recent years, proline, especially L-proline, has been used to catalyze essential transformations used in the fine chemical and pharmaceutical industries, such as the direct asymmetric aldol reactions [99] [100] [101] [102] [103] [104] [105] [106] [107] , Diels-Alder reactions, Michael reactions [108] [109] [110] [111] [112] [113] [114] [115] , Mannich reaction [116] [117] [118] [119] [120] [121] [122] , Multicomponent reactions [123, 124] , and -amination [125] , -aminoxylation [126] [127] [128] , -oxyaldehyde dimerization [100] , -functionalization of carbonyl compounds [129] , and -alkylation of aldehydes [130] . Organocatalytic cyclopropanation reactions were typically performed using catalyst-bound ylides. However, Kunz and MacMillan demonstrated that activation of olefin substrates using catalytic (S)-(−)-indoline-2-carboxylic acid is a viable route for the formation of highly enantioenriched cyclopropanes [131] .
Prof. K. A. Jørgensen has made an important breakthrough in asymmetric synthesis by developing (R)and (S)-, -bis[3,5-bis(trifluoromethyl)phenyl]-2-pyrrolidinemethanol trimethylsilyl ether as excellent chiral organocatalysts in the direct organocatalytic -functionalization of aldehydes. Diarylprolinol silyl ether reagents were found to catalyze C-C, C-N, C-O, C-S, and C-Hal bond forming reactions [132] [133] [134] [135] [136] [137] [138] . Cascade or domino reactions swiftly construct complex biologically important compounds and minimize waste and also the laboratory operations [139] . Enders' group developed proline derived organocatalyst for a chemo-, diastereo-, and enantioselective three-component domino reaction to yield tetrasubstituted cyclohexene carbaldehydes [140] . The four stereogenic centers are generated in three consecutive C-C bond formations, that is, Michael/Michael/aldol condensation with high diastereoand complete enantiocontrol. The synthesis of polyfunctional cyclohexene building blocks involving proline catalytic steps is reported in this domino reaction.
Though this segment of our review is dedicated to proline as an important class of organocatalysts, it would also be a good place to acknowledge the research contributions from professor Ahrendt Heterogenized Proline. An explosion of research articles in the area of homogeneous organocatalysis occurred within the last decade or so. In addition to the initial proline catalyzed reactions, the word "organocatalysis" covers nowadays many other well-known organocatalysts and organic reactions. Proline immobilized onto some sort of inorganic support paves the way towards heterogenization of other organocatalysts [151] [152] [153] . A simple and efficient synthesis of polystyrenesupported proline and prolinamide is reported. Polystyrenesupported proline catalyzes the asymmetric aldol reaction between cyclohexanone and substituted benzaldehydes in water. High yields, diastereoselectivities, and ee values have been observed. The versatility of this resin was also confirmed by selenenylation of aldehydes. Both proline and prolinamide resins gave high yields. Recycling studies showed that the proline resin performs as better heterogeneous organocatalyst as compared to the prolinamide resin [153] . An aldol reaction catalyzed by proline functionalized silica gel was investigated in continuous flow microreactors by reactionprogress kinetic analysis and nonlinear chromatography [154] .
Though the research community advocates asymmetric synthesis for industrial application, organocatalysts have been seldom applied in industry, due to insufficient efficiency and the difficulties in catalyst separation and recycling [155] [156] [157] [158] [159] [160] [161] . The concept of heterogenizing organocatalyst on supports combines the advantages of both homogeneous organocatalysis and heterogeneous recycling. Though this might seem simple and present opportunities in industrial chemical processes, the research in heterogeneous organocatalysis demands a multidisciplinary approach by identifying catalytic activity upon bonding organocatalyst covalently to the support; understanding noncovalent interaction as structure-reactivity and conformation deciding factor; taking into consideration the characteristic properties of the supports, confinement effects, if any, and so forth.
Some recent examples will be described on the applications of supported proline as organocatalysts for their preindustrialization study. The latter half of this review, in general, irons out the detailed discussion on key trends with examples, scope, challenges, and "green" applications of heterogeneous organocatalysts.
Other Amino Acids.
Barbas and coworkers found the proteinogenic amino acid tryptophan ( Figure 4 ) to be an excellent organocatalyst for the Mannich reaction of hydroxyacetone with a variety of imines performed in DMF leading the desired anti-amino alcohols in excellent diastereoselectivities (up to >19 : 1) and enantioselectivities (90-98% ee). Similarly, t-butyl protected threonine catalyzed the aldol reaction of hydroxyacetone and various aldehydes in NMP to give the corresponding syn-aldol adducts in high yields and good to excellent enantio-and diastereoselectivities [162] . Zhao compound, and (thio)urea is known as Biginelli reaction. Various organocatalysts such as tartaric acid, oxalic acid, citric acid, and lactic acid were found effective in producing Biginelli products [164] [165] [166] [167] [168] [169] [170] [171] [172] . Because of the "privileged" green nature of this field, it has become an obligation for scientific community and academic institutions to be mindful and teach this branch of catalysis to students and also keep it as a driving force in the generation and dissemination of knowledge in pursuit of efficient synthetic methodologies and processes using organocatalysts. The synthesis of new chiral building blocks or complex molecular structures involving organocatalytic step(s) is being reported almost every day in scientific literature. As it is not possible here to discuss all the catalysts individually in detail, the author decides to present salient developments in organocatalysis and allied research areas.
Synthesis of prochiral cyclohexanones by amine catalyzed self-Diels-Alder reactions of , -unsaturated ketones in water brought coupled the concept of green chemistry with catalysis. Useful asymmetric heterodomino reactions for the highly diastereoselective synthesis of symmetrical and nonsymmetrical synthons of benzoannelated centropolyquinanes were reported [173, 174] .
In recent years, trials are being made by using amino acids, especially L-proline, to catalyze essential transformations in the fine chemical and pharmaceutical industries. The interest in this field has thus increased spectacularly in the last few years. However, organocatalytic methods often require catalyst loadings as high as 30 mol% for the achievement of high conversions in reasonable reaction times [175] . Some critics suggest that low turnover numbers might limit the potential uses of organocatalysis for industrial applications. Process development and scale-up are being tested for several organocatalytic reactions confirming organocatalysis as a valuable tool for industrial scale solutions. Scientists are reporting novel organocatalytic systems in various reputed international research journals and those catalysts exhibit various valuable functions derived from a variety of structural, ionic/electronic, and chemical properties. Broad variety of efficient syntheses will contribute to an increasing number of organocatalytic large scale reactions in the future. The organocatalysts shall be used in various fields, especially in asymmetric organic synthesis. Sulzer-Mossé and Alexakis reported chiral amines catalyzing asymmetric conjugate addition to nitroolefins and vinyl sulfones via enamine activation [181] .
A bifunctional H-bond directing aminocatalytic system is found to achieve high stereo-and regiocontrol over dienamine mediated hetero-Diels-Alder reaction [183] .
Though amine catalysis is constructing a wide variety of chiral scaffolds in asymmetric synthesis, organocatalysis with amines for nonasymmetric transformations is also developing very fast [184, 185] . The [2+2] cycloaddition of enals with nitroalkenes is catalyzed by a chiral secondary amine in the presence of an achiral thiourea for the enantioand diastereoselective synthesis of highly functionalized cyclobutanes. Mechanistically, two consecutive Michael reactions proceed through an unprecedented combination of dienamine/iminium activation mode [186] . The reaction engineering of dienamine catalysis for single-step syntheses of highly functionalized molecules such as natural products or bioactive compounds is reviewed in literature [187] .
Chin and coworkers have recently reported some preliminary theoretical and experimental studies for converting a parent diamine into other chiral vicinal diamines. These diamines can be handy as ligands for chiral catalysts or they can make chiral heterocyclic rings and betalactams [188] [189] [190] .
There are some C-C bonds forming reactions catalyzed by such diamine organocatalysts (Scheme 6) [191] .
Amides.
Recently, the synthesis of multifunctional organocatalysts, easily obtained by the condensation of (S)proline with 2-aminopyridine, 2,6-diaminopyridine, or 2aminoimidazole, is reported. These chiral prolinamides promoted the aldol condensation between cyclohexanone and different aromatic aldehydes (up to 98% ee) and also catalyzed Diels-Alder and Michael reactions [192, 193] .
Rationally designed pyrazole amides function as Michael donors in urea catalyzed asymmetric Michael reactions with excellent chemical and optical yields [194] .
A structure-activity relationship with regard to formamides as organocatalysts is explored. This study highlights that the cis-conformation of secondary formamides is the reactive conformation in the allylation of aldehydes with allyltrichlorosilane (Scheme 7) [195] .
Imidazolidinones.
A certain class of imidazolidinone compounds (also called MacMillan imidazolidinone organocatalysts) function as catalysts for many asymmetric organic transformations such as asymmetric Diels-Alder reactions. The original such compound was derived from the chiral biomolecule phenylalanine [196, 197] . The first highly enantioselective organocatalytic Diels-Alder reaction using a chiral organocatalyst was reported in MacMillan's pioneering work where the activated iminium ion, formed through condensation of the imidazolidinone and an ,unsaturated aldehyde, reacted with various dienes to give [4+2] cycloadducts in excellent yields and enantioselectivities. Ahrendt et al. reported many other asymmetric reactions such as the 1,3-dipolar cycloadditions, Friedel-Crafts alkylations, -chlorinations, -fluorinations, and intramolecular Michael reactions using MacMillan's organocatalysts [96, 150, [198] [199] [200] [201] .
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Ouellet et al. also reported the combination of imidazolidinone organocatalyst and Hantzsch ester to facilitate the first enantioselective organocatalytic hydride reduction of , -unsaturated aldehydes (Scheme 8) [202, 203] . This imitated nature's stereoselective enzymatic transfer hydrogenation with NADH cofactor.
Noncovalent interaction is a structure-reactivity and conformation deciding factor which requires immediate attention for understanding organocatalysis [204] . Of special interest would be the identifying and understanding of other noncovalent interactions such as charge transfer [205] , pp stacking immobilization [206] , and adsorption or entrapment of organocatalysts in nanomaterials [207] .
Homogeneous and Heterogenized MacMillan's Organocatalyst.
An asymmetric Diels-Alder reaction was catalyzed with high efficiency and recyclability by a soluble, "self-supported" chiral organosilica polymer with embedded imidazolidinone catalytic moieties [208] . 7.6. Chiral Phosphoric Acids. BINOL derived phosphoric acids catalyze nucleophilic addition reactions to imine substrates. A direct Pictet-Spengler reaction was reported using a geminally disubstituted tryptamine organocatalyst to form isoquinolines in excellent yield and enantiomeric excess [209] . Phosphoric acid catalyzing the reduction of an imine with a Hantzsch ester in good enantiomeric excess was firstly reported by Rueping et al. Hoffmann et al. reported an improvement to this methodology [210, 211] .
Storer research group reported a one-pot reductive amination of a range of methyl ketones and aryl amines [212] . Reductive amination of 2-butanone over silylated phosphoric acid MacMillan TiPSY catalyst was obtained with good enantiomeric excess.
Zhou and List published on the use of chiral Brønsted acid (R)-TRIP for highly enantioselective synthesis of pharmaceutically relevant 3-substituted cyclohexylamines from 2,6-diketones wherein the achiral amine substrate accelerates the cascade reaction before getting incorporated into the final product (Scheme 9) [213] .
Rowland et al. reported VAPOL derived phosphoric acid catalyzed addition of sulfonamides to BOC protected aryl imines and protected aminals in excellent enantioselectivities [214] .
The (R)-TRIP catalyzed the aza-Diels-Alder reaction of aldimines with Danishefsky's diene to yield piperidinone derivatives with high enantioselectivity. Addition of acetic acid was found to improve both reactivity and enantioselectivity [215] . Six chemical bonds, five stereogenic centers, and three cycles were formed in one-pot four-component Ugi type reaction catalyzed by a chiral BINOL derived phosphoric acid [216] . BINAP is one of the earliy commercially applied ligands in industrial catalysis [217] . A microporous recyclable heterogeneous catalyst, offering excellent enantioselectivity, was made from a 1,1 -binaphthalene-2,2 -diol (binol) derived phosphoric acid chloride and was found as active as the corresponding homogeneous catalyst [218] . Figure 6 ) as Brønsted acid organocatalysts in highly stereoselective hetero-Diels-Alder reactions [219] . The -amination of carbonyl compounds has also been accomplished by using the 1-naphthyl TADDOL derivative as a Brønsted acid organocatalyst [220] . McDougal and Schaus reported asymmetric Morita-Baylis-Hillman reaction, that is, the addition of cyclohexenone to different aldehydes catalyzed by octahydro-BINOL derived Brønsted acid [221] .
7.8. Jacobsen Thioureas. Professors Vachal and Jacobsen identified chiral thioureas (Figure 7 ) as versatile and effective organocatalysts. 1 mol% of the thiourea was reported to have catalytic activity in the hydrocyanation (Strecker reaction) of both aldimines and ketoimines with very high enantioselectivities [222] .
Imine hydrophosphonylation, particularly effective with electron-withdrawing ester substituents on the phosphate, took place in the presence of 10 mol% of the catalyst [223] . Mannich reactions of BOC protected imines have also been reported (Scheme 10) [224] with excellent yields and enantioselectivities and show heterocyclic substrate tolerance.
A variant of thiourea organocatalyst was found to catalyze the cyanosilylation of ketones and aldehydes in high yields and enantiomeric excesses [225] . Thiourea organocatalyst was put to use in the acyl-Pictet-Spengler reaction to form tetrahydro--carbolines [226] . The acyl-Mannich reaction, providing a route to enantioenriched heterocycles from aromatic starting materials and trichloroethyl chloroformate (TrocCl), is also catalyzed by the thiourea organocatalyst [227] . Bifunctional thiourea-base catalyzed double-Michael addition of benzofuran-2-ones to dienones is reported for the synthesis of optically enriched spirocyclic benzofuran-2ones [228] . In another interesting example, benzoylthioureapyrrolidine catalyst was synthesized and used in the asymmetric Michael addition of ketones to nitroalkenes [229] . Primary amine-thioureas were improvised to catalyze difficult Michael reactions synthesizing (S)-baclofen, (R)baclofen, and (S)-phenibut [230] . 7.9. Cinchona Alkaloids. The cinchona alkaloids catalyze many useful processes with high enantioselectivities. Asymmetric phase transfer catalysis (PTC) presents a "green" alternative to homogeneous synthetic organic chemistry methodologies. Cinchona alkaloids are synthetically modified for their usage in asymmetric PTC. O-Alkyl N-aryl methyl derivatives of cinchona alkaloid led highly enantioselective alkylation of glycine imines to generate -amino acid derivatives. And, for the same reaction, dimeric cinchona alkaloid obtained 97-99% enantiomeric excess [231, 232] . Cinchona alkaloids deprotonate substrates with relatively acidic protons forming a contact ion pair between the resulting anion and protonated amine. This interaction generates a chiral pool around the anion and facilitates enantioselective reactions with electrophiles. The control over the formation of quaternary asymmetric centers is essential to obtain high enantiomeric excesses. The -functionalization of ketones (Scheme 11) by the addition of TMSCN to the corresponding cyanohydrin in excellent yield and enantiomeric excess is catalyzed by the (DHQD) 2 AQN catalyst [233] .
Increasingly remote stereocenters are being targeted in asymmetric aminocatalysis. Organocatalytic allylic amination presents an alternative to the conventional palladium catalyzed methodology. Amination at the remote -position using (DHQ) 2 PYR forms highly functionalized amine compounds [234] .
Bella and Jørgensen's reported the first enantioselective conjugate addition of -diketones to both aromatic and aliphatic alkynones using (DHQ) 2 PHAL catalyst [235] . Cinchona based primary amine catalysis is found to offer high efficiency and reliability in the asymmetric functionalization of carbonyl compounds [236, 237] . Organocatalysts derived from cinchona alkaloids function as Lewis base catalyst in the cyclizations of allenoates with electron deficient olefins and imines and emerged as important synthetic tool in the preparation of biologically active and pharmaceutically interesting cyclic compounds, including natural products [238] . Recently, cinchona thioureas have been reported for the first time as catalysts in the area of asymmetric oxidations [239] . Cinchona and cinchonidine derived catalysts perform asymmetric direct aldol reaction of pyruvic aldehyde dimethyl acetal with isatin derivatives [240] . Likewise, there are various other examples reported where cinchona or its variants are used as organocatalysts for syntheses of various biologically important molecules [241] [242] [243] [244] [245] [246] .
Maruoka Phase Transfer Catalysts.
The chiral catalyst forms a host-guest complex with the substrate and shuttles between the standard organic solvent and a second phase, example, catalytic enantioselective enolate alkylation [72] . As we know, chiral quaternary ammonium catalysts can be useful in asymmetric synthesis. Kitamura et al. reported C2symmetric ammonium salts catalyzing monoalkylation of glycine derived Schiff bases with alkyl halides to synthesizealkyl--amino acids under remarkably low catalyst loadings [247] [248] [249] .
Utilizing the solubility of aqueous quaternary ammonium salts into organic solvents, professor Maruoka developed spirotype chiral ammonium salt with two binaphthyl rings as a novel chiral phase transfer catalyst. Figure 8 depicts the organocatalyst for direct asymmetric aldol reaction ofhydroxy--amino acid derivative. 7.11. Oxazaborolidines. Chiral oxazaborolidines (known as CBS oxazaborolidines after Corey, Bakshi, and Shibata) catalyze the reduction of prochiral ketones, imines, and oximes to produce chiral alcohols, amines, and amino alcohols, respectively, in high yields and excellent enantiomeric excesses. The chiral Lewis acid generated from o-tolyl-CBSoxazaborolidine after protonation with trifluoromethanesulfonimide is very useful in the enantioselective Diels-Alder reaction (Scheme 12) [ N-Mesityl substituent on an imidazolium or triazolium NHC precursor generates highly enantioselective annulations from simple starting materials under mild reaction conditions [263, 264] . In an interesting example, the catalysts facilitate highly enantioselective cyclopentene forming annulations of simple enals and activated enones [265] . Redox esterifications and amidations of -functionalized aldehydes using achiral catalyst are also reported [266] . Uniting unique activation modes of N-heterocyclic carbene (NHC) catalysts with the concept of domino reactions, a new fast-growing field came into the spotlight in last couple of years or so [267] [268] [269] . Domino Michael/aldol reaction between 2-mercaptoquinoline-3-carbaldehydes and enals was catalyzed by diphenylprolinol silyl ether producing 2H-thiopyrano[2,3-b]quinolines in excellent yields and enantioselectivities [270] . Zhao et al. reported studies on "cooperative NHC and rutheniun redox catalysis" in the oxidative esterification of aldehydes [271] . Blanc et al. reported NHC mediated organocatalytic one-pot allylstannation to generate syn-diols [272] . With enals as starting aldehydes, elegant cascade processes have been developed using oxidative carbene catalysis [273] [274] [275] [276] . Over the last few years, there are examples reported in literature where various organocatalysts rally domino reactions and attract their application in organic processes in industries [174, 175, 180, 181, 183] .
Apart from the aforementioned organocatalysts, there are other organic systems which upon appropriate activation function as catalysts in useful asymmetric syntheses [155] [156] [157] Figure 10 sequential or domino transformations including C-C or C-N bond formation [277] . Cyclopropenone catalyzed conversion of aldoximes and primary amides into nitriles in a one-pot mild reaction widens the scope of the utilization of cyclopropenones in organic synthesis [278] . The first asymmetric organocatalytic synthesis by phosphine catalyzed [3+2] cycloaddition of allenoates onto fullerene is reported to yield enantiomerically pure carbocyclic fullerene derivatives under mild conditions [279] . A new [3+2] cycloaddition/cycloreversion strategy for organocatalytic and thermally allowed carbonyl-olefin metathesis is reported [280] . Recently, a strong evidence for halogen bond based organocatalysis is reported for the reaction of 1-chloroisochroman with ketene silyl acetals [281] . Acid catalyzed asymmetric acetalizations of aldehydes are also described [282] . beta-Isocupreidine catalyzed the enantioselective Morita-Baylis-Hillman reaction of maleimides with isatin derivatives to form 3-substituted 3-hydroxyoxindole derivatives [283, 284] .
Recent advances in asymmetric catalysis resulted in utilizing the less discussed electrophilic properties of iminium type intermediates in complex annulations of indoles [285, 286] and also pyridines [287, 288] . Shibatomi and Narayama discussed the catalytic enantioselective -chlorination of carbonyl compounds and stereospecific substitution reactions of the resulting optically active alkyl chlorides [289] .
Though there is no relation between the development of two different fields of organocatalysis and gold catalysis, an interesting synthetic utility and merger of both catalytic systems in the same reaction flask is explored [290] .
Following Are the Synthetic Methodologies Reported on Mannich Reactions Using Various Organocatalytic Systems.
Asymmetric three-component Mannich reaction and anti-Mannich reactions were reported by organocatalysts [122, 175] . The title reaction provides facile access to enantioenriched 3,4-dihydroquinazolin-2(1H)-ones containing a quaternary stereogenic center in high yields with excellent enantioselectivities. Subsequent transformations lead to the convenient preparation of the anti-HIV drug DPC 083 and N-fused polycyclic compounds without loss of enantiomeric excess [291] .
An asymmetric catalytic, desulfonylative Mannich reaction of keto imines with aldehydes, as catalyzed by diarylprolinol silyl ether, was developed. It gave the Mannich product in good yield with excellent anti-and enantioselectivity [292] . New chiral bis(betaine)s, containing two catalytically active centers, have been designed and have proven to be promising organocatalysts for the direct Mannich type reaction of azlactones with a broad spectrum of aliphatic imines [293] . Hong and Wang reviewed advances in asymmetric organocatalytic construction of 3,3 -spirocyclic oxindoles [294] . And the applications of organocatalysts in total synthesis and natural product synthesis include enantioselective synthesis of Amaryllidaceaealkaloids (+)-vittatine, (+)-epi-vittatine, and (+)-buphanisine [295, 296] .
Heterogeneous Organocatalysis: New Direction in Research and Development

Making of Heterogenous Catalyst from Homogeneous
Catalyst: The Concept and Methodologies. With the knowledge of heterogeneous catalysis and chemistry of materials at hand, several modified and different systems are made these days and are tested for their catalytic applications in various organic transformations. Following are the most common and well-known methods for the heterogenization of homogeneous catalysts:
(i) impregnation, (ii) occlusion in porous materials (ship-in-a-bottle), (iii) grafting or tethering (through covalent bond).
Impregnation is the immobilisation of catalytic element via electrostatic interactions with a solid support. One of the famous examples includes Rh-diphosphine cationic complexes impregnated on anionic resins via ion-pair formation [297] . Similarly, organocatalysts supported on solid could be envisioned to yield a recyclable catalyst.
Heterogenisation via catalyst entrapment is a typical method that is applied to zeolite supports and termed as "ship-in-bottle" catalysis. A famous example includes in situ synthesis of the transition metal complex in support cages [298, 299] . The great practical advantages of "ship-in-bottle" single-site heterogeneous catalysts were well illustrated by Zsigmond et al. 's research [300] . Similar approach, retaining steric factors, could be applicable as another methodology for heterogenization of organocatalysts. While in grafting, the catalytic active site is directly anchored on the support. This procedure is previously used for supporting organometallic complexes ( Figure 11 ) [177, [301] [302] [303] [304] . The tethering technique involves a spacer that is introduced between the catalyst and the support. The characteristic chemical nature and the structure of the spacer should be chosen to avoid the steric hindrance, if any. Though structurally different, catalytic activity can be expected to be similar to catalyst in homogeneous state.
Catalyst immobilization has been widely explored with asymmetric transition metal catalysts and enzymes aiming to improve their applicability and practicability. Similarly, the immobilization strategy has also been frequently attempted for organocatalysis even before its renaissance. The preparation of supported or immobilized catalysts involve either organic polymers such as linear, non-cross-linked, or crosslinked polymers as supports or porous inorganic solids such as alumina, silica, zirconia, clays, zeolites, MCM, and SBA type mesoporous materials. Many inorganic supports have robust composition and offer large surface areas due to the presence of internal pores. Different routes to immobilisation of (homogeneous) catalyst can alter the nature of the catalytic active site. When the anchoring of catalytic moieties on silica is concerned, the key aspect is the functionalization of silanol groups on the surface. The pretreatment temperature of the parent silica determines the nature of the hydroxy groups (isolated, geminal, or hydrogen bound), their location, and reactivity. In nanostructured mesoporous silica of the MCM-41 type, the reactivity of the siloxanes is considered to be sufficient for covalent linking with a tether [305] . Subsequent silylation with trimethylchlorosilane neutralizes residual hydroxyl groups and increases the hydrophobicity. Various aluminosilicates and mesoporous silicas could be envisioned as suitable hosts for encapsulating and anchoring organocatalysts.
18
Journal of Catalysts
Organocatalysis has drawn a lot of interest in both academia and industry. The fact is that the asymmetric version of organocatalysis is the fastest growing field of synthetic organic chemistry. Few applications in industries include (i) epoxidation of chalcones and (ii) alkylation of cyclic ketones. Along with a commentary on very recent research endeavors in organocatalysis, the scope of heterogeneous organocatalysis in asymmetric synthesis, other important organic reactions, green chemistry, and scope for industrial applications are presented in this review.
Organic functionalization of nanostructured, nanoporous, and other nanomaterials widens the range of their applications and allows for the manipulation of the surface properties that control the interaction with various organic and inorganic guest species and thereby adds new catalytic functions to the materials. One of the basic premises behind the preparation of these kinds of materials is aiming at the development of heterogeneous and supported catalysis for their practical purposes that would have distinct advantages over widely investigated homogeneous catalysts and organometallic compounds that are vulnerable to decomposition due to oxidation of the ligand bound to the metal center.
Using a rationale, similar to that reported earlier for the immobilisation of transition-metal amino acid complexes [306] [307] [308] [309] [310] , amino acids with functional side chains that can react with tethering silanes such as lysine, arginine, glutamic acid, cysteine, or amino acid derived organocatalysts could be covalently anchored to the inner walls of porous silica and other relevant inorganic structures. These materials have therefore been identified as promising supports for making organocatalysts heterogeneous for industrial significant reactions. This field is therefore well poised for their potential large scale applications in industry.
An organocatalyst attached to some sort of support/material is called heterogenized organocatalyst and this, as the term implies, makes the organocatalyst heterogeneous and thereby brings in all the advantages of heterogeneous catalysis to the system without losing the intrinsic catalytic activity of the organocatalyst. When used in heterogeneous system, one ensures no leaching of catalyst entity into the reaction medium and simple workup or easy separation of catalyst from the products. Such catalyst can be reused. In order to obtain heterogeneous organocatalyst, many approaches have been explored, including impregnation to layered material [311] , covalent grafting to solid support [312, 313] , electrostatic interaction between organocatalyst and the support [314] , encapsulation to porous material [309, 310] , and adsorptive method [315] . Several solid supports have been introduced for heterogenizing of organocatalysts in terms of covalent grafting such as polymer matrix, zeolites, amorphous silica, and mesoporous silica [316] [317] [318] [319] . Due to the strong covalent bond with silica surface, the covalently anchored organic moieties are supposed to be more resistant toward leaching during the catalytic reactions. Typically, the immobilization of organocatalysts has been achieved via covalent attachment onto solid supports such as polystyrene [319] [320] [321] [322] [323] , poly(ethylene glycol) [324, 325] , and dendrimers [326] . However, most of these supported organocatalysts demonstrated reduced activity and selectivity comparing with their small molecular parent catalysts. There has also been increasing examples of supported organocatalysts via noncovalent strategies starting to show their potentials in this field. There are major progresses regarding the development of noncovalently supported asymmetric organocatalysts, with a focus on the immobilization methods, their advantages, applications, and limitations. Noncovalent immobilization includes minimal modification of the parent catalyst, facile catalyst linkage, and combinatorial flexibility for the identification of an optimal-supported catalyst. Different modes of immobilization, such as acid-base, ion-pair, hydrophobic, biphasic, and self-assembled gel type, give different types of heterogeneous organocatalysts. The catalysts obtained by different methods have their advantages and disadvantages at the same time. There is a scope for developing new methodology for heterogenization of organocatalysts.
Immobilization is an effective methodology for heterogenizing an organic molecule onto inorganic material. The two principle mechanisms of organocatalysis are of both covalent and noncovalent nature which lead to (i) the formation of covalent adduct between catalyst and substrate, and (ii) the processes that rely on noncovalent interactions such as hydrogen bonding or within the catalytic cycle is the formation of ions pairs [327] . Owing to the application of organocatalysis in industrial setup, strategies for heterogenizing organocatalysts are being explored in fine chemical industries as well as pharmaceutical industries. Though the stability of an immobilised catalyst may vary in batch operation and continuous flow operation at higher reaction temperatures, such catalysts are expected to avail the advantages of heterogeneous catalysis. Heterogeneous organocatalysis is well poised for its potential industrial applications in industry with sustainable and energy efficient approaches. In order to implement the concepts of green chemistry and engineering in the pharmaceutical industry, one must develop large scale organocatalytic reactions processes that involve (i) immobilization of organocatalysts (for recycling purposes); (ii) no leaching problems due to covalent bonding with the support unlike metal complexes; (iii) results superior to those obtained with free analogous; (iv) solution phase catalysis.
The immobilisation of amino acid derived organocatalysts could be covalently anchored to the inner walls of porous silica and other relevant inorganic structures. These materials have shown promise as heterogeneous organocatalysts for industrial significant reactions, such as the Hajos-Parrish-Eder-Sauer-Wiechert reaction [88] and intramolecular [4+2] cycloadditions [328] . This approach has the potential to improve recoverability and recyclability, use far less mol% of catalyst, and potentially give rise to significant improvements in activity and selectivity. Organocatalysts can be covalently anchored to mesoporous silica by building on current methodologies that are reported in the literature. Tethering is carried out through the side chain or a functionalized side chain of a derivatised amino acid, because the mechanism of catalysis relies on the amino and carboxylate groups to be free for substrate binding. Through spatial constraints, nature of the active site, and a precise balance of substrate-catalyst-pore wall interactions, the stereoselectivity of the catalytic reaction could also be suitably enhanced. Judiciously controlling the orientation of the channels and the pore diameter of the mesoporous support could facilitate enhancements in the desired stereochemical outcome, as observed earlier with anchored transition-metal amino acid complexes. The range of substrates and scope of reactions that can be catalyzed by heterogenised amino acids and their derivatives are ever expanding and immobilisation of these organic moieties could result in the design and development of more stable, highly active heterogeneous catalysts [329] [330] [331] . The potential for expanding the scope and industrial applicability of heterogenised organocatalysts demands a greater understanding of the synergistic effects, between the support and the organocatalyst; say, for example, amino acid, at a molecular level, which could provide valuable insights on structureproperty relationships and its mechanistic significance. The current organocatalysts development is more focused on solving practical asymmetric synthesis and processes [332] . Following are some interesting examples reported in the field.
Copolymer-supported heterogeneous organocatalyst is prepared and applied for asymmetric aldol addition in aqueous medium [333] . Aldol reaction between acetone and 4-nitrobenzaldehyde was catalyzed by covalently grafted lysine onto silica. The immobilisation technique was found to create well-defined and isolated catalytic sites offering improved activity and chemoselectivity when compared with the homogeneous system [331] .
Enantiomerically pure iminium cations supported on zeolite Y, a microporous material, and on Al-MCM-41, a mesoporous material, were found effective for the epoxidation of aryl alkenes by using peroxymonosulfate as the stoichiometric oxidant. The catalytic reaction gave high conversions and enantioselectivities. The catalysts can be simply recycled by filtration and their activity and selectivity are found much higher than the homogeneous counterpart [334] . Chiral organocatalyst team up with heterogeneous inorganic semiconductors form C-C bond through stereoselective photocatalysis [330] . Direct stereoselective alpha-functionalization of aldehydes forming C-C, C-N, C-F, C-Br, and C-S bonds is reported over organocatalysts [335] . Solvent-free noncovalent organocatalysis is reported on enantioselective addition of nitroalkanes to alkylideneindolenines [336] . DMAP-NCP, a new network nanoporous conjugated polymer containing 4-(N,Ndimethylamino)pyridine catalytic moieties, exhibits catalytic activity in the acylation of alcohols and phenols, even under neat and continuous flow conditions for practical applications on a large scale [337] . An asymmetric Diels-Alder reaction was catalyzed with high efficiency and recyclability by a soluble, "self-supported" chiral organosilica polymer with embedded imidazolidinone catalytic moieties [338] . The role of some ionic liquids as organocatalysts or cocatalysts requires further understanding and there is a scope for future research in conceptualization of this field, its applications, and the context for heterogeneous organocatalysis (Figure 12 ) [178, 179, 339] . [341] .
Heterogeneous Organocatalysts from
Heterogenized or supported organocatalysts, for example, grafted polyHDMS, offer engineering advantages and the final macromolecular properties strongly reflect the nature of the grafts. Off late, the use of polymethylhydrosiloxane PMHS anchored cinchona alkaloid derivatives has been reported [342] .
Scheme 14
Heterogeneous Organocatalysts for Their Use under
Continuous Flow Conditions. In the spirit of developing ecofriendly syntheses, researchers are interested in immobilization of various organocatalysts known to be efficient in aqueous media and in their use under continuous flow [320] .
An interesting tether-free but immobilized bifunctional squaramide organocatalyst [343] has found potential application in batch and flow reactions (Scheme 15). A polystyrenesupported highly recyclable squaramide organocatalyst for the enantioselective Michael addition of 1,3 dicarbonyl compounds to -nitrostyrenes has also found potential industrially utility [344] .
Because of their stability and recyclability, solidsupported organocatalysts (Scheme 16) are therefore particularly suitable for continuous flow systems, [154, 345, 346] which allow large scale synthesis usually accompanied by higher turnover numbers. The miniaturised flow reactors allow improved control of mass and heat transfer and the inherently low reaction volume increases safety making them valuable tools for green chemistry. Reaction-progress kinetic analysis and nonlinear chromatography were applied to investigate a model aldol reaction performed in continuous flow microreactors packed with proline functionalized silica gel. The study facilitated by an online instrumental monitoring assessed optimal operation and feed variables [154] .
Enantiomerically pure iminium cations, supported on microporous zeolite Y and on mesoporous Al-MCM-41, are effective asymmetric catalysts for the epoxidation of a range of aryl alkenes, giving high conversions quickly and with enantioselectivities (Schemes 17 and 18) [334] .
Epoxides are versatile synthetic intermediate. A lot has been reported on ring opening methodologies of epoxides over metal alkoxids, amides, metal halides, metal triflates, and so forth. Organocatalysts are advantageous over such metal catalysts. Schreiner published the N,N -bis[3,5bis(trifluoromethyl) phenyl]thiourea catalyzed ring opening of epoxides with different nucleophiles such as amines, phenols, and thiols in water with poor regioselectivity (1 : 1 to 1 : 4) [347, 348] . Bifunctional primary amine-thioureas catalyze usually difficult Michael reactions [349, 350] . Bidentate hydrogen bond donors, urea and thiourea, are found to be useful organocatalysts for the activation of carbonyl group. Hine and coworkers reported meta-and para-substituted phenols and biphenylenediols as double hydrogen bonding organocatalysts for addition of diethylamine to phenyl glycidyl ether [351, 352] . And, there are various examples of catalysts bearing multiple hydrogen bond donors [353, 354] .
Preindustrialization Organocatalysis
In 2004, a special issue of the Advanced Synthesis and Catalysis research journal was dedicated to organocatalysis [355] . In year 2006, a special issue of the Advanced Synthesis and Catalysis research journal on Multiphase Catalysis, Green Solvents, and Immobilization was published by professor Cozzi describing in detail the immobilization of organic catalysts [356] . Several synthetic strategies are developed for the polymeric immobilization of chiral organocatalysts [357] [358] [359] . Lu and Toy reviewed organic polymer supports for synthesis and for reagent and catalyst immobilization [360] . A lot has been done on supported or immobilized enamine and iminium derivatives for their applications as heterogeneous organocatalysts [361] . A heterogeneous catalyst (L-Pro LDHs) was developed using intercalation of L-proline in Mg-Al layered double hydroxides (LDH). An investigation of the thermal stability and optical stability showed that the immobilization of the chiral catalytic centers in restricted galleries enhanced the enantiomeric stability against thermal treatment and light irradiation. Asymmetric aldol reaction of benzaldehyde and acetone was carried out using L-Pro LDHs as catalyst, resulting in a good yield (90%) and a high enantiomeric excess (94%) (Figure 13 ). Heterogenized Lproline catalyzed the asymmetric aldol reaction using anionic clays as intercalated support [182] .
Calderón et al. researched [362] the aldol reaction of hydroxyacetone with different aldehydes using immobilized proline on a mesoporous support, assisted by heat and microwaves. It was found that heterogenized L-proline on MCM-41 catalyzed aldol reactions in both hydrophilic and hydrophobic solvents and provided stereoselectivities in some cases complementary to the homogeneous catalyst. The heterogeneous catalysts could be reused without significant loss of stereoselectivity. In a recent example, supramolecular assemblies of amphiphilic L-proline were regulated by compressed CO 2 as a recyclable organocatalyst for the asymmetric aldol reaction [363] . Noncovalently supported heterogeneous chiral amine is used as catalyst for asymmetric direct aldol and Michael addition reactions [364] . An amine grafted on amorphous silica performs as an effective organocatalyst for microwave-promoted Michael reaction of 1,3-dicarbonyl compounds in water [365] . Silica immobilized N-hydroxyphthalimide was found to catalyze autoxidation [366] . Silica, identified as a useful support material for homogeneous catalysts, facilitates the catalyst recovery and reusability [367] . A heterogeneous organocatalyst for cyanosilylation is also reported lately [368] . There are some interesting patents in the literature on usage of some organocatalysts in innovative chemical technologies with some industrial application. There is no need for metal based catalysis thus making a contribution to green chemistry. In this context, simple organic acids have been used as catalyst for the modification of cellulose in water on multi-ton scale [369] . In recent years, the emphasis has been on the variety of nano(porous)materials for that has found use in such catalytic systems: these include nanoparticles, dendrimers, metal oxides, inorganic polymers, and mesoporous materials such as MCM-n materials and SBAn materials. In 2009, a patent related to the use of magnetic nanomaterial-supported glutathione and cysteine organocatalysts as "green" nanocatalysts for various reactions such as Paal-Knorr reactions, aza-Michael addition, and pyrazole synthesis was filed and later granted in year 2012 [370] . Sulfonamide based organocatalysts and method for their use are patented by inventors Rich Garrett Carter and Hua Yang. Proline sulfonamide organocatalysts performing various enantioselective or diastereoselective reactions such as the aldol reactions, conjugate additions, Michael additions, Robinson annulations, Mannich reactions, and alpha-aminooxylations, alpha-hydroxyaminations, alpha-aminations, and alkylation reactions. Among the various methodologies claimed, a sulfonamide derived catalyst was used for the construction of all carbon bicycles, such as [2.2.2]-bicycles [371] .
Organocatalysts are blamed for not being recoverable after a reaction. There are interesting reports that study homogeneous or heterogeneous nanosupports for easy recovery of the organocatalysts. Caminade et al. identified perfectly defined hyperbranched polyphosphorhydrazone dendrimers, either neat or attached to siliceous solid material, as nanosupports for easy recycling of organocatalysts [326, [372] [373] [374] .
Characterization Tools and Techniques
In order for us to research catalysis and relevant aspects, we may require spectroscopic techniques, magnetic measurements, transport and thermal measurements, scattering techniques, microscopic techniques, thin-film deposition techniques, and so forth. The catalytic systems, especially the heterogenized organocatalysts, prepared can be characterized by X-ray diffraction (XRD), nitrogen sorption, scanning electron microscopy (SEM), transmission electron microscopy (TEM), FT-IR, UV-Visible, nuclear magnetic resonance (NMR), Raman, and so forth. In case of nanoporous materials, the pore diameters could be uniformly tailored. The NMR studies of organocatalysts in porous materials could also be of importance for understanding the structure and bonding within the organic and inorganic part of a catalytic system. There is always a scope for identifying and utilizing new characterization techniques for studying catalytic systems and properties, especially the surface behaviour, hydrophilic/hydrophobicity, interactions, molecular sorption, recognitions, and so forth.
Future Scope of Heterogeneous Organocatalysts
It is always a risk to predict what the future holds for any research area, but several aspects of modifications of existing catalysts and also heterogenisation of organocatalysts onto some sort of robust high surface area support including nanomaterials or nanoporous materials undoubtedly attract researchers' attention. Tremendous efforts should be directed towards the discovery and design of catalytic systems with better efficiency, new reactivity, and greater turnover numbers. Perhaps the most crucial area of research in the future will be the identification of important organic transformations at industries that are not available using other branches of catalysis. Given the huge growth and impact of organocatalysis in its present form, it will certainly be exciting to observe the development of the field upon heterogenization.
A variety of reactions such as reduction, oxidation, multicomponent, Mannich, alkylation, condensation, deprotection, cycloaddition, hydroxylation, dehydration, dehydrogenation, transesterification, reactions involving biomimetic oxygen-evolving catalysts, and other important C-C bond Journal of Catalysts 23 forming reactions are well presented on the heterogenized organocatalysts under a variety of reaction conditions. For any large scale catalytic process, the most salient considerations are cost and safety and so critic opinion on low turnover numbers limiting the potential usage might not discourage the industrial applications. Because organocatalysts are often cheaper than metal based catalysts, they can be used in larger quantities than metal based ones for the same price. Moreover, it is widely recognized in manufacturing that the removal of toxic catalyst related impurities from the waste stream can often have a larger financial impact than the turn over number of the catalyst. In the coming years, various approaches for immobilisation will be considered, with a focus on whether a novel methodology for the immobilisation of organocatalysts could be discovered. The benefits of heterogenisation will become apparent on evaluation of the catalytic potential. Apart from the nature of the support, the degree of catalyst loading and selection of reaction media or solvent tune the catalytic behaviour. Alternatively, immobilized organocatalysts can be prepared that are linked to the solvents like ionic liquids that allow the catalytic entity to be separate from the reaction medium by simple extraction or filtration. In another approach, the immobilized organocatalyst might permit us to perform the reactions in biphasic or different conditions. This catalytic system and reaction conditions could find industrial application. Scientific and technical tasks that researchers can undertake are the immobilization of the organocatalyst on solvent and or onto the walls of a reactor. Future catalysts development should be more oriented toward real problems in synthetic processes. It would be also interesting to see (i) the explorations of noncovalent interactions and entrapment in nanosized materials in developing supported organocatalysts; (ii) fine tuning of the screened catalysts and their thermal, mechanical, and catalytic stability; (iii) evaluation of catalyst deactivation and its rejuvenation mechanisms.
Conclusions
The literature survey and ideas jotted above do not fully claim to conceptualize all the aspects of this new field of heterogeneous organocatalysis. The aim of this review is to illustrate the significance of a variety of organic molecules as catalysts employed for a wide variety of organic transformations. The most highlighted fact is that these organocatalysts represent an interesting scope for heterogenization. In the review of literature, the basic concept of organocatalyst, strategies for heterogenization, preparation methods, and various applications of heterogeneous organocatalysts have been discussed. Like in other heterogeneous catalytic systems, the materials or supports could also play very important role in the total catalyst system used as both catalyst and catalyst carriers. The emphasis has been on the variety of nano(porous)materials that have found or could find use in such catalytic systems: these include nanoparticles, dendrimers, metal oxides, inorganic polymers, and mesoporous materials such as MCMn materials and SBA-n materials (this is an Open Access review under the terms of the Creative Commons Attribution License, which permits readers to use and distribute this e-review, provided that the original research work is properly cited. All rights are therefore reserved to the author and/or respective authors and researchers cited herein (2013)).
In this review, the author focused on applications of organocatalysts in asymmetric synthesis, synthesis of fine chemicals, and green chemistry. The preceding pages are an account of recent research and developments made in the use of organic molecules as catalysts. It is highlighted that organocatalysts are versatile which not only catalyze the most fundamental reactions in organic chemistry but also finds applications in processes of commercial importance in chemical industries. Several very useful applications of organocatalysts are in production of agrochemicals, clean energy, drugs, polymers, petrochemicals, and so forth. In view of the globally increasing interest towards energy efficient and environmentally friendly chemical technology for industries, research on the development of robust, recyclable, selective, metal-free, easy-to-scale up catalysts and their useful preparation methods are thus the need of the hour.
Great strides are still to be made in the synthesis and characterization of supported or immobilized organocatalysts in order to apply them as heterogeneous catalysts that emphasize applications in existing industrial processes. These catalysts are going to be modified in future and make their catalytic activities accessible in industrial setup for sustainable and environmentally benign technologies.
The author has also outlined recent progress in the use of heterogeneous organocatalysts by briefing the recent publications in scientific publications. Year 2012 saw thematic series, dedicated to showcase the current state of the art of organocatalysis, published by the Beilstein Journal of Organic Chemistry. For those readers who are expecting an update on the recent trends in organocatalysis, the author lists herein [375] [376] [377] [378] [379] [380] [381] [382] [383] excellent reviews published in year 2013 on some very specialized topics of organocatalysis.
To summarize, today, the growing need for the atom efficiency, energy efficiency, and environmental concerns stemming from the increase in chemical products demand necessitate the development of the "sustainable or environmentally benign" production methods. Asymmetric synthesis achieving atom economy is a challenge for organic synthesis and homogeneous catalysis using metal complexes leads the way. But the pharmaceutical entities and food industry products do not tolerate a contamination, of even traces, of any such metals for that matter. That why there is a huge demand for metal-free organocatalysts leading to 100% yield, 100% ee, of the desired product. The need from chemical industry, especially pharmaceutical, for reliable asymmetric transformations of molecular skeletons is higher than ever. Therefore, (asymmetric) organocatalysis is attracting widespread attention and has become an important field of research. And, moreover, heterogeneous organocatalysis is bringing in some important breakthroughs for industry, especially through flow chemistry.
This review encloses 376 useful references for providing readers with a well described state of the art. The studies to address the scope of this catalytic science are underway. The scientific discoveries and innovations involving organocatalysts are reported almost on a daily basis. Many
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Journal of Catalysts researchers are joining this field, especially to understand the catalytic phenomena and develop heterogeneous catalysts for asymmetric synthetic methodologies for chemical industry. Let us catalyze the green chemistry revolution. As rightly said by Professor Benjamin List, "the research in organocatalysis constitutes the tip of the iceberg of a novel catalytic principle, of which the entire scope still remains to be fully uncovered. "
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